This study aimed to examine changes of presynaptic voltagesensitive calcium channel (VSCC) subtypes during synapse formation and regeneration in relation to transmitter release at the neuromuscular junction (NMJ). Synaptic potentials were recorded from developing rat NMJs and from regenerating mouse and frog NMJs. As in normal adult NMJs, evoked transmitter release was reduced by an N-type VSCC blocker in the frog and by a P/Q-type VSCC blocker in the mammal at immature NMJs; however, various L-type VSCC blockers, both dihydropyridine and nondihydropyridine antagonists, increased evoked but not spontaneous release in a dose-dependent manner at newly formed NMJs. This presynaptic potentiation disappeared as NMJs matured. A rapid intracellular Ca 2ϩ buffer, bis(O-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid-AM, prevented the potentiation effect of nifedipine, but a slow Ca 2ϩ buffer, EGTA-AM, did not. Thus, the potentiation effect of L-type blockers requires Ca 2ϩ transients. Pretreatment with Ca 2ϩ -activated K ϩ channel blockers, iberiotoxin or charybdotoxin, did not prevent potentiation by nifedipine at regenerating frog NMJs. Thus, Ca 2ϩ -activated K ϩ channels were not likely involved in this potentiation. In contrast, no additional potentiation by nifedipine was seen in muscles pretreated with pertussis toxin (PTX), a G-protein blocker, which by itself enhances evoked transmitter release at regenerating frog NMJs. These results suggest the existence of multiple subtypes of VSCCs at newly formed motor nerve terminals. In addition to the normal N-or P/Q-type VSCCs that mediate transmitter release, L-type VSCCs may play a novel modulatory role in evoked transmitter release by activating a mechanism linked to PTX-sensitive G-proteins during synapse maturation.
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The entry of Ca 2ϩ through voltage-sensitive calcium channels (VSCCs) triggers the release of neurotransmitters from nerve terminals (Katz, 1969; Augustine et al., 1987) . Several subtypes of VSCCs, such as T, L, N, P and Q, have been identified on the basis of electrophysiological and pharmacological characteristics (Tsien et al., 1988; Hille, 1992; Zhang et al., 1993) . Accordingly, it is important to identify which subtypes of VSCCs are crucial for presynaptic Ca 2ϩ entry and transmitter release (Olivera et al., 1994; Dunlap et al., 1995) .
Because of its relative simplicity and accessibility, the neuromuscular junction (NMJ) has been used to study mechanisms of synaptic transmission and formation. It has been shown that the motor nerve terminal uses N-type (Kerr and Yoshikami, 1984) and P/Q-type VSCCs (Uchitel et al., 1992; Protti and Uchitel, 1993; Bowersox et al., 1995; to mediate transmitter release at adult frog and mammalian NMJs, respectively; however, whether NMJs use the same and /or other subtypes of VSCCs for evoked transmitter release during synapse formation has not been examined. It is known that ion channels in excitable membranes often undergo changes during development (Spitzer, 1994) . One of the best-studied ion channels in terms of developmental change is the postsynaptic acetylcholine receptor, which shows different characteristics during development and regeneration of the NMJ (Brehm, 1989; Steinbach, 1989) . Investigation of these developmental changes at the NMJ has led to a better understanding of the general mechanisms of synapse formation.
Studies of developmental changes in the populations of VSCCs in neuronal soma have yielded interesting findings, i.e., developmental alterations from T-type to L-or N-type VSCCs have been found (McCobb et al., 1989; O'Dowd et al., 1988) . Such alterations may be correlated with the appearance of neurites in cultured rat hippocampal neurons (Yaari et al., 1987) . In contrast, very little is known about the developmental expression of VSCC subtypes at the nerve terminal. Gray et al. (1992) showed that, in the chick ciliary ganglion, acetylcholine secretion changes during the course of development. At stage 40, release is dihydropyridine (DHP, a class of L-type VSCC blockers)-sensitive and partially -conotoxin GVIA (an N-type VSCC blocker)-sensitive. Posthatch release is insensitive to DHP but sensitive to -conotoxin GVIA; however, whether this kind of developmental change in VSCCs occurs at the NMJ is not known.
The present study aimed to examine changes of VSCC subtypes in relation to transmitter release during the development and regeneration of NMJs. We found that L-type VSCC blockers consistently increased evoked but not spontaneous transmitter release at newly developed or regenerated, but not at mature, NMJs. This presynaptic potentiation involves Ca 2ϩ transients and may activate a regulatory mechanism linked to pertussis toxin (PTX)-sensitive G-proteins during synapse formation. The results suggest that L-type VSCCs modulate evoked transmitter release and may play a role in synapse maturation.
Some of these results have been published previously in abstract form .
MATERIALS AND METHODS
Animals and preparations. Isolated phrenic nerve-diaphragm muscle preparations from embryonic day 17 (E17) to postnatal 1-month-old Sprague Dawley rats were used. The rats were anesthetized with ether and decapitated. The nerves and muscles were dissected, pinned on a Sylgard-coated dish, and bathed in normal mammalian Ringer's solution (NMR) consisting of 135 mM NaCl, 5 mM KCl, 15 mM NaHCO 3 , 1 mM Na 2 HPO 4 , 1 mM MgSO 4 , 2.5 mM calcium gluconate, and 11 mM glucose, pH 7.2. Regenerating NMJs were studied using the sternomastoid muscle of adult male Swiss Webster mice (20 -30 gm body weight) and the cutaneous pectoris muscle of the frog Rana pipiens (6 -7 cm body length). The mice were anesthetized with pentobarbital, and a midline incision was made in the neck. The left sternomastoid muscle was exposed by lateral reflection of the salivary glands. With use of fine forceps, the nerve to the sternomastoid muscle was crushed near its entry into the muscle, and then the wound was closed with sutures. Seven days later, the muscles were dissected and bathed in NMR. The intact contralateral muscle was used as the control. A similar nerve crush operation was carried out on the cutaneous pectoris muscle of frogs. The frogs were anesthetized with 0.1% tricaine methanesulfonate (Sigma, St. Louis), and the nerve was crushed at the site of nerve entry. Two or 6 weeks after nerve crush, the muscles were dissected in normal frog Ringer's solution (NFR) containing 120 mM NaCl, 2 mM KCl, 1 mM NaHCO 3 , 1.8 mM CaCl 2 , and 5 mM HEPES, pH 7.2, and examined. All of the bath solutions were bubbled continuously with a mixture of 95% O 2 /5% CO 2 .
Electrophysiology. Conventional methods for intracellular recording from skeletal muscles were used. Glass microelectrodes were filled with 3 M KCl (30 -50 M⍀ resistance). The isolated phrenic nerve-diaphragm muscle preparations from E17 to postnatal 1-month-old rats were bathed in 10 mM Ca 2ϩ Ringer's solution (according to Redfern, 1970) , with the remaining ions the same as in NMR. Raising the Ca 2ϩ concentration to at least twice its normal level increased the stability of the recordings and the responsiveness of motor axons in developing muscles (Redfern, 1970; Dennis et al., 1981) . To prevent muscle contractions, D-tubocurare (1-5 M) was added to the bath solution. Transmitter release was evoked by suprathreshold stimulation of the motor nerve via a suction electrode. Evoked endplate potentials (EPPs) were recorded continuously in the same muscle fiber with stimulation at 0.1 Hz before and during drug application. Stock solutions of each drug (see Drug preparations) were added to the bath solution and allowed to achieve specific drug concentrations by diffusion. The resting membrane potential was monitored continuously, and an experiment was rejected when more than a 10 mV change of membrane potential was observed. The change of EPP amplitude was expressed as the ratio of the average EPP amplitude when a drug showed its full effect divided by the average EPP amplitude before drug application at the same NMJ.
Reinnervating adult mouse and frog muscles after nerve crush were studied by procedures similar to those described above. The mouse sternomastoid muscles were bathed in mammalian Ringer's solution containing 1.2 mM Ca 2ϩ /6.0 mM Mg 2ϩ . The frog cutaneous pectoris muscles were bathed in 0.7 mM Ca 2ϩ /4.0 mM Mg 2ϩ frog Ringer's solution. EPPs and spontaneous miniature EPPs (mEPPs) were recorded in low Ca 2ϩ /high Mg 2ϩ saline. EPPs were recorded either with continuous stimulation at 0.03 Hz (once every 30 sec) or stimulation at 0.5 Hz stimulation for 48 sec every 15 min. This low frequency of stimulation was chosen to avoid synaptic depression at regenerating NMJs. Changes in EPP amplitude were calculated using the same procedure described above. All recordings were performed at room temperature (22-24ЊC). Data were collected and analyzed using PClamp programs (Version 6.2, Axon Instruments, Foster City, CA).
Drug preparations. Synthetic -conotoxin MVIIC (SNX-230) and -conotoxin GVIA (SNX-124) were generous gifts from Dr. G. Miljanich (Neurex). Isradipine (PN200-110) was kindly provided by Research Biochemicals International (Natick, MA). The DHPs, nifedipine, nimodipine (Sigma), and isradipine, were dissolved in ethanol to make a 20 mM stock solution, and various concentrations of drugs were cumulatively applied to the bath solution. The maximal concentration of ethanol was 0.05%, which had no effect on EPPs in embryonic muscles (see Results). Verapamil (Sigma) was dissolved in water. Membrane-permeable Ca 2ϩ chelators, EGTA-AM, and bis (O-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid-AM (BAPTA-AM) (Molecular Probes, Eugene, OR) were prepared in dimethylsulfoxide (DMSO) to make a 25 mM stock solution. Both EGTA-AM and BAPTA-AM were used at a final concentration of 25 M. Charybdotoxin (Alomone Labs) was reconstituted with 1 mg/ml bovine serum albumin (BSA), 0.1 M NaCl, 10 mM Tris buffer, pH 7.5, to make a 10 M stock solution. Iberiotoxin (Bachem, Torrance, CA) was reconstituted with 5 mM HEPES buffer, pH 6.2, to make 20 M stock solution. Both toxins were used at a final concentration of 5, 10, 20, and 40 nM.
Pretreatment with PTX. PTX (Sigma) was reconstituted with 5 mg/ml BSA in water. This reconstituted PTX (100 g/ml) stock solution also contained 0.1 M phosphate, 0.16 M NaCl, and 6 mM lactose, pH 7.4. The control solution for the PTX preincubation experiment was the same as the PTX stock solution but lacked the toxin. Experiments were performed 2 weeks after the nerves to both the right and left sides of frog cutaneous pectoris muscles were crushed. One side of the muscle preparation was incubated with 2 g/ml PTX for 22-24 hr at 4ЊC in NFR. As a control, the other side from the same animal was incubated in the same solution without PTX under the identical conditions. EPPs and mEPPs were recorded either continuously from the same NMJs or from randomly sampled NMJs. To quantify the effect of nifedipine, 100 EPPs and 50 mEPPs were recorded from randomly sampled NMJs before and after application of nifedipine.
Statistical analyses. Each set of data represents mean Ϯ SEM of an indicated number (n) of experiments or NMJs. Statistical significant difference was evaluated by Student Newman-Keuls test for mean values of multiple groups and by Kolmogorov-Smirnov test for cumulative probability curves (Sokal and Rohlf, 1969) .
RESULTS

-Conotoxin MVIIC blocks evoked transmitter release at developing rat NMJs
To determine whether developing rat NMJs are similar to mature mammalian NMJs in their use of P/Q-type VSCCs to mediate evoked transmitter release, the effect of -conotoxin MVIIC, a P/Q-type VSCC blocker (Hillyard et al., 1992) was examined. As shown in Figure 1 , synthetic -conotoxin MVIIC (SNX-230) inhibited evoked transmitter release at newborn rat NMJs (postnatal day 0). EPPs were recorded from the same muscle fiber in the presence of curare, before (a) and after treatment with 1 M (b) and 3 M (c, d) -conotoxin MVIIC (Fig. 1) . Application of 1 M -conotoxin MVIIC reduced the EPP amplitude to 80%, and 3 M nearly completely blocked the transmitter release. This result is similar to that in adult mice (Bowersox et al., 1995; and suggests that developing rat NMJs also primarily use P/Q-type VSCC to mediate transmitter release.
L-type VSCC blockers increase EPP amplitude at developing rat NMJs
To test whether DHP-sensitive L-type VSCCs are involved in synaptic transmission at developing NMJs, we examined the effect of nifedipine, a DHP-antagonist for L-type VSCCs (Miller, 1987) , on evoked transmitter release at embryonic rat NMJs. If DHPsensitive VSCCs directly mediate evoked transmitter release, one would expect a reduction in the amplitude of EPPs by nifedipine. We found, however, that nifedipine enhanced transmitter release at developing NMJs (Fig. 2 A) . Application of 1, 5, and 10 M nifedipine increased EPP amplitude at an E17 rat NMJ in a dose-dependent manner. The long duration of the EPP seen in Figure 2 A is a typical feature of embryonic NMJs (Diamond and Miledi, 1962; Bennett and Pettigrew, 1974; Dennis et al., 1981) attributable to the small amount of acetylcholine esterase, the large input resistance of smaller muscle fibers, and the different kinetics of embryonic acetylcholine receptors (Vicini and Schuetze, 1985) .
The dose-dependence was quantified further by testing different concentrations of nifedipine in embryonic (E17-E19) NMJs (Fig. 2 B) . In each experiment, EPPs were recorded continuously from the same NMJ before and after nifedipine application. The effect of nifedipine was normalized using the ratio of the average EPP amplitude after/ before nifedipine application. At 1 M, nifedipine approximately doubled the size of EPPs. At 10 M, it significantly increased EPP amplitude to ϳ400% ( p Ͻ 0.01). There was no correlation between EPP size before nifedipine application and the percentage increase after nifedipine application at individual NMJs (data not shown). The control experiments using the vehicle alone (0.05% ethanol) showed no effect on EPPs. Thus, the potentiation of EPPs observed at embryonic NMJs is not an artifact of ethanol. The effect of nifedipine on EPP amplitude at E17-E19 rat NMJs was dose-dependent. The percentage of EPP amplitude was calculated as the ratio of after/ before nifedipine application at the same NMJ. The control, 0.05% ethanol, the highest concentration of solvent for nifedipine, had no effect on EPP amplitude. Each error bar represents mean Ϯ SEM of the indicated number of experiments. C, Isradipine (PN200-110), another DHP antagonist, also increased EPP amplitude at developing rat NMJ. This NMJ showed a 1.7-fold (b) and a 2.8-fold (c) enhancement of EPP amplitude 40 min after application of 0.5 M and 16 min after 1 M isradipine, respectively. Each trace represents an average of 24 EPPs recorded from the same NMJ in a P0 rat. D, Verapamil, a non-DHP L-type channel blocker, also increased EPP amplitude at developing rat NMJs. This NMJ showed a 1.7-fold (b) and a 3.3-fold (c) enhancement of EPP amplitude 30 min after application of 1 and 3 M verapamil, respectively. The shortened latency observed after application of 3 M verapamil (c) may be related to the multiple actions of this drug, such as the alteration of membrane action potentials (Kass and Tsien, 1975) . Each trace represents an average of 24 EPPs recorded from the same NMJ in a P2 rat.
To confirm that the enhancement of EPPs by nifedipine is attributable to the specific blockade of DHP-sensitive L-type VSCCs, we compared nifedipine with other L-type VSCC blockers using early postnatal rats. Nifedipine (10 M) increased EPP amplitude to 265 Ϯ 57.9% (n ϭ 13) at P0 -P3 rat NMJs. Nimodipine (10 M), also a DHP-antagonist (McCarthy and TanPiengco, 1992) , increased EPP amplitude to 195 Ϯ 34.2% (n ϭ 6) at developing rat (P1-P3) NMJs (data not shown). Isradipine (PN200-110), another DHP-antagonist that has a higher affinity to L-type channels than nifedipine (Yaney et al., 1991) , showed a more potent effect (Fig. 2C) . On average, isradipine enhanced EPP amplitude to 170 Ϯ 35.9% (n ϭ 5) at 0.5 M and to 284 Ϯ 80.0% (n ϭ 5) at 1 M at developing rat (P0 -P2) NMJs.
Verapamil, a phenylalkylamine, is a different type of organic L-type channel blocker with a binding site distinct from that of DHPs (Yaney et al., 1991; Knaus et al., 1992) . Figure 2 D shows an example of the enhancement of EPP amplitude by verapamil at a P2 NMJ. Application of verapamil results in an increase of EPPs to 166 Ϯ 19.1% (n ϭ 6) at 1 M and to 203 Ϯ 31.4% (n ϭ 6) at 3 M at developing rat (P0 -P2) NMJs. Thus, the enhancement of EPP amplitude is most likely attributable to the blockade of L-type VSCCs and is not an anomalous effect of nifedipine.
The effect of nifedipine is age dependent
Nifedipine induced enhancement of evoked transmitter release at NMJs in embryonic and newborn, but not in adult, rats. Figure 3A shows a time course of the effect of nifedipine on EPP amplitude in an E17 rat in which EPPs were recorded continuously from the same NMJ. Typically, ϳ10-20 min after an application of 5 l of 20 mM nifedipine into 10 ml of bath solution (final concentration of nifedipine 10 M), EPP amplitude began to increase, reached a plateau within 30 -40 min, and persisted for at least 2 hr. In contrast, nifedipine (10 M) had no effect on EPPs in a 1-monthold rat (Fig. 3B) . Thus, the enhancement of evoked transmitter release by nifedipine seems to be a phenomenon unique to developing NMJs.
To explore the relationship between developmental age and the potentiation effect of nifedipine, we recorded EPP amplitude before and after application of 10 M nifedipine in rats ranging in age from E18 to 1 month old. As summarized in Figure 3C , the potentiation effect of nifedipine was age-dependent. The largest potentiation by nifedipine was found in embryonic muscle and decreased as development proceeded. The potency of the effect of nifedipine diminished in the first 2 weeks after birth, after which the effect weakened gradually. The results obtained from E18 were significantly different from those from P4 (P Ͻ 0.05), P15 (P Ͻ 0.05), and 1-month-old (P Ͻ 0.01) rats. 
Nifedipine increases EPP amplitude at regenerating adult mouse and frog NMJs
It has been shown that many aspects of synapse formation, such as polyneuronal innervation and the characteristics of transmitter release, also occur in the regeneration of adult synapses after injury (Miledi, 1960; McArdle, 1975; DeCino, 1981 ). Thus, we tested whether nifedipine increased evoked transmitter release at regenerating adult NMJs. Figure 4 shows a similar potentiation effect of nifedipine observed at regenerating mouse (A) and frog (B) NMJs bathed in low Ca 2ϩ / high Mg 2ϩ saline. Nifedipine (10 M) increased EPP amplitude 2.2-fold in regenerating mouse sternomastoid muscle 7 d after nerve crush (Fig. 4 A-1) , but did not affect EPPs in the contralateral control muscle of the same mouse (Fig. 4 A-2) . The slow time course of the EPP (Fig. 4 A-1) , typically observed at early stages of reinnervating NMJs, was probably attributable to a delay of restoration in acetylcholine esterase activity (Miledi, 1960; Bennett et al., 1973 . Because mEPPs could not be recorded from developing rat muscle because of the use of curare to prevent spontaneous muscle contraction (Diamond and Miledi, 1962) , the effect of nifedipine on spontaneous mEPPs was examined at regenerating NMJs. There was no significant effect on mEPP amplitude and frequency (0.69 mV and 0.126 Hz before and 0.79 mV and 0.171 Hz after nifedipine in this NMJ), suggesting that the potentiation effect of nifedipine was presynaptic. Similar to developing NMJs, the P/Qtype VSCC blocker, synthetic -conotoxin MVIIC (SNX-230), also blocked evoked transmitter release at regenerating NMJs in mouse sternomastoid muscle 7 d after nerve crush (data not shown).
The enhancement of EPP amplitude by nifedipine was not unique to mammalian NMJs. It was also demonstrated at regenerating frog NMJs. Nifedipine (10 M) increased EPP amplitude 2.8-fold 2 weeks after nerve crush in frog cutaneous pectoris muscle (Fig. 4 B-1) . At this reinnervated NMJ, two separate EPPs, which indicate polyneuronal innervation, typical of regenerating (McArdle, 1975) as well as developing NMJs (Redfern, 1970; Letinsky, 1974) , were observed. Both were enhanced by nifedipine. The potentiation effect by nifedipine was irreversible at regenerating NMJs; enhanced EPPs still persisted 2 hr after washout of nifedipine (data not shown). In contrast, 10 M nifedipine did not affect EPPs in the intact contralateral muscle (Fig.  4 B-2 ). Similar to normal adult frog NMJs, the N-type channel blocker synthetic -conotoxin GVIA (SNX-124) blocked evoked transmitter release at regenerating NMJs (data not shown).
We examined whether the effect of nifedipine on EPPs also depends on the maturation of regenerating NMJs as it did in developing muscles. Regenerating NMJs in frog cutaneous pectoris muscles were examined 2 and 6 weeks after nerve crush. As summarized in Figure 4C , 2 weeks after nerve crush the EPP amplitude was significantly enhanced by 10 M nifedipine on average to 274 Ϯ 36.7% ( p Ͻ 0.01; n ϭ 17); however, 6 weeks after nerve crush, muscles showed only a 148 Ϯ 14.3% (n ϭ 16) enhancement, which was not statistically significant when compared with intact controls. Thus, nifedipine was more potent at potentiating EPPs at an earlier stage of regeneration.
Similar to the result we obtained from mouse NMJs, 10 M nifedipine showed no significant effect on the amplitude and frequency of mEPPs. At the 10 identified NMJs that showed an increase in EPP amplitude with application of nifedipine, the average mEPP amplitude was 0.525 Ϯ 0.066 mV before and 0.480 Ϯ 0.053 mV after nifedipine. The average mEPP frequency was 0.193 Ϯ 0.037 Hz before and 0.210 Ϯ 0.032 Hz after nifedipine (n ϭ 10). As shown in Figure 4 D, no significant difference (Kolmogorov-Smirnov test) was observed in the cumulative probability for the amplitude distribution of mEPPs (Van der Kloot, 1991) before and after nifedipine treatments. The absence of effects on the mEPP suggests that the potentiation of EPP amplitude by nifedipine is a presynaptic effect.
BAPTA prevents the effect of nifedipine, but EGTA does not
If nifedipine acts specifically on L-type VSCCs, its potentiation of transmitter release should be attenuated by an intracellular Ca 2ϩ buffer, because the presynaptic Ca 2ϩ transient through L-type VSCCs would be reduced. To test this hypothesis, we applied nifedipine after loading regenerating frog NMJs with BAPTA-AM, a membrane-permeant buffer with fast Ca 2ϩ -binding kinetics (Adler et al., 1991) . Figure 5A shows an example of the effect of BAPTA-AM on the potentiation effect of nifedipine at regenerating frog NMJs 2 weeks after nerve crush. Application of 25 M BAPTA-AM decreased EPP amplitude to an average of 35.0 Ϯ 4.8% (n ϭ 9), whereas the vehicle 0.1% DMSO had no effect on EPPs (data not shown). The result is similar to that reported at normal adult frog NMJs (Robitaille et al., 1993) and is consistent with the known effects of Ca 2ϩ buffers on transmitter release (Adler et al., 1991) . After BAPTA-AM had its full effect on EPPs, application of 10 M nifedipine did not enhance the EPP amplitude (n ϭ 7). The failure of nifedipine to increase transmitter release in the presence of intracellular Ca 2ϩ buffer suggests that the effect of nifedipine is related to the influx of Ca 2ϩ through L-type VSCCs at the regenerating motor nerve terminal.
We also used EGTA-AM, a Ca 2ϩ buffer with slow Ca 2ϩ binding kinetics and with a Ca 2ϩ affinity similar to that of BAPTA-AM (Adler et al., 1991) , to confirm the involvement of a Ca 2ϩ transient. As shown in Figure 5B , loading of 25 M EGTA-AM decreased evoked transmitter release at regenerating frog NMJs 2 weeks after nerve crush. An average of eight experiments showed a decrease to 56.8 Ϯ 5.9% in EPP amplitude. The result is similar to the effect of EGTA-AM reported at normal adult frog NMJs (Robitaille et al., 1993) . In contrast to the result of BAPTA-AM pretreatment, 10 M nifedipine enhanced EPP amplitude to an average of 172.8 Ϯ 19.8% (n ϭ 8), even after EGTA-AM had it full effect on release (compare Fig. 5, A and B) . Thus, BAPTA-AM but not EGTA-AM can nullify the potentiation effect by nifedipine at immature NMJs. These observations suggest that BAPTA-AM binds Ca 2ϩ fast enough to intercept Ca 2ϩ before it can activate an unknown modulatory mechanism. The results suggest that L-type VSCCs are closer to this unknown modulatory site than to the exocytotic site during synapse formation.
Are L-type channels coupling with Ca 2؉ -activated K ؉ channels (gK Ca ) at immature NMJs?
To explore possible mechanisms by which L-type VSCCs modulate evoked transmitter release at immature NMJs, we examined the involvement of gK Ca . It has been shown that gK Ca are colocalized with VSCCs at the active zone and modulate transmitter release, probably by shortening the duration of the presynaptic action potential at normal frog NMJs (Robitaille and Charlton, 1992; Robitaille et al., 1993) . Ca 2ϩ entry through L-type VSCCs at immature motor nerve terminal that activated nearby gK Ca (thereby shortening action potential duration and reducing (A-1) ; however, 10 M nifedipine did not affect EPPs in the contralateral control muscle of the same mouse (A-2). Traces b in both A-1 and A-2 were recorded 15 min after bath application of nifedipine. B, Nifedipine (10 M) increased EPP amplitude to 2.8-fold 14 d after nerve crush in frog cutaneous pectoris muscles (B-1), but 10 M nifedipine did not affect EPPs in the contralateral control muscle of the same frog (B-2). Traces b in both B-1 and B-2 were recorded 50 min after bath application of nifedipine. C, The effect of nifedipine on EPPs was dependent on the stage of reinnervation. Nifedipine (10 M) increased EPP amplitude significantly ( p Ͻ 0.01) to 2.7-fold of control at 2 weeks after nervecrushed NMJs, but to only 1.6-fold at 6 weeks after nerve crush. The latter was not significantly different from intact NMJs. Each error bar represents mean Ϯ SEM of indicated number of experiments. D, Nifedipine had no effects on mEPPs at regenerating frog NMJs. Comparison of amplitude distribution of mEPPs before (F) and after (X ) 10 M nifedipine treatment. The cumulative probability is defined as the percentage of total events with amplitudes smaller than a given amplitude. The data were obtained from 10 identified NMJs 2 weeks after nerve crush in frog cutaneous pectoris muscles.
transmitter release) could explain the potentiation of EPP amplitude by L-type VSCC blockers observed in the present study.
To test the hypothesis that L-type VSCCs modulate transmitter release by activating gK Ca , we examined the effect of nifedipine in the presence of a gK Ca blocker, charybdotoxin (Miller et al., 1985) or iberiotoxin (Galvez et al., 1990) , at frog NMJs 2 weeks after nerve crush. If gK Ca are colocalized with the N-type VSCCs that directly mediate transmitter release at regenerating frog NMJs, the enhancement of the EPP amplitude by a gK Ca blocker would be expected, as seen in normal adult frog (Robitaille and Charlton, 1992) . If Ca 2ϩ entry through L-type VSCCs also activates nearby gK Ca , nifedipine treatment should not show additional enhancement in EPP size after the potentiation by a gK Ca blocker.
Similar to results in previous work (Robitaille et al., 1993) , 20 nM iberiotoxin, which gave a saturated effect on transmitter release (data not shown), increased EPP amplitude to 279 Ϯ 43% at normal frog NMJs (n ϭ 9). In contrast, only two of eight regenerating NMJs showed potentiation by iberiotoxin. As shown in an example in Figure 6 A, EPP amplitude increased 2.6-fold in the presence of 20 nM iberiotoxin at a regenerating NMJ. Further enhancement of EPP amplitude (5.4-fold) was observed when 10 M nifedipine was added to this iberiotoxin-pretreated NMJ. Similar results were obtained at regenerating NMJs pretreated with charybdotoxin (n ϭ 4). The additive effect by gK Ca and nifedipine suggests that the potentiation by nifedipine does not involve gK Ca at immature motor nerve terminals.
The lack of involvement of gK Ca was supported further by an experiment in which iberiotoxin treatment did not show any potentiation at regenerating NMJs (Fig. 6 B) . Even at these NMJs, nifedipine enhanced EPP amplitude to 275 Ϯ 25.4% (n ϭ 3). The lack of effects by iberiotoxin may indicate that gK Ca have not yet appeared at these regenerating NMJs. The potentiation of EPP amplitude by nifedipine, regardless of the presence or absence of gK Ca , suggests that gK Ca is probably not involved in this modulation of transmitter release at immature NMJs.
L-type VSCCs may involve an inhibitory mechanism linked to a G-protein at immature NMJs
An alternative mechanism for the modulation of transmitter release by L-type VSCCs may involve GTP-binding (G-) proteins. It has been shown that activating trimeric G-proteins by neuromodulators inhibits VSCCs that directly mediate transmitter release in various types of synapses (Tsien et al., 1988; Dolphin, 1995) . If G-protein-mediated inhibition of VSCCs also operated at immature NMJs, it could explain the potentiation of EPP amplitude by L-type VSCC blockers. It has been shown that L-type VSCCs are involved in the release of neuropeptides in the hypothalamic neurosecretory cells (Cazalis et al., 1987; Lemos and Norwycky, 1989) and in dorsal root ganglion neurons (Perney et al., 1986; Rane et al., 1987; Holz et al., 1988) . Blocking L-type VSCCs may prevent the release of a neuropeptide acting as a neuromodulator that normally activates a G-protein (Dolphin, 1996) . The blockade of L-type VSCCs may thus reduce the G-protein-mediated inhibition of VSCCs and thereby lead to an increase in transmitter release.
To test whether L-type VSCCs involve a G-protein-mediated inhibition of transmitter release at immature NMJs, we studied the effect of PTX, which inhibits certain types of G-proteins (presumably G i and G o ) (Reisine and Law, 1992) , on the enhanced transmitter release by nifedipine. Overnight incubation of PTX was used for the internalization of PTX and inactivation of G-proteins (Reisine and Law, 1992) . As shown in Figure 7 , PTX pretreatment (2 g /ml, 22 hr) prevents the enhancement of EPPs by nifedipine at frog NMJs 2 weeks after nerve crush. There was no significant difference in average EPP amplitude recorded before and after nifedipine treatment in randomly sampled NMJs (n ϭ 26) incubated overnight with PTX in three reinnervated muscles. In contrast, nifedipine increased EPP amplitude 158% on average at regenerating frog NMJs (n ϭ 25) in three control muscles incubated overnight without PTX. Thus, the absence of potentiation by nifedipine in PTX-preincubated regenerating NMJs is not simply attributable to a nonspecific deterioration of synaptic transmission caused by overnight incubation. Rather, the result suggests that inactivation of PTX-sensitive G-proteins prevents the potentiation of EPPs by nifedipine.
It was also noted that PTX pretreatment itself increased EPP amplitude, as indicated by comparing the EPP amplitude in reinnervated muscles treated with and without PTX (stippled bars in Fig. 7) . The average EPP amplitude, 4.05 ϩ 0.43 mV (n ϭ 26) in PTX-pretreated muscles, was significantly larger ( p Ͻ 0.01) than that in control (2.01 ϩ 0.26 mV, n ϭ 25); however, PTX treatment did not affect the amplitude (0.432 Ϯ 0.028 mV, control; 0.478 Ϯ 0.030 mV, PTX treated) and frequency (0.081 Ϯ 0.016 Hz, control; 0.074 Ϯ 0.011 Hz, PTX treated) of spontaneous mEPPs. Thus, the increase in the EPP amplitude by PTX is a presynaptic rather than a postsynaptic effect at regenerating frog NMJs.
DISCUSSION
The present study has demonstrated that there are at least two types of VSCCs involved in the evoked release of transmitter at newly formed NMJs. Similar to mature NMJs, one type of VSCC (N-type for frogs and P/Q-type for mammals) directly mediates evoked transmitter release at immature NMJs; however, an additional type of VSCC, L-type, also regulates transmitter release at developing and regenerating NMJs. The observation of potentiation, instead of inhibition, of EPP amplitude after blocking L-type VSCCs suggests that L-type VSCCs do not directly mediate evoked transmitter release at immature NMJs. Rather, L-type VSCCs may be linked to a modulatory mechanism for evoked transmitter release during synaptogenesis. As shown in a model (Fig. 8) based on the present data, we hypothesize that Ca 2ϩ entry through L-type VSCCs may trigger the release of a neuromodulator. This may in turn bind to a receptor that activates a PTXsensitive G-protein that inhibits the release of acetylcholine at newly formed NMJs. The blockade of L-type VSCCs with nifedipine would prevent this G-protein-mediated inhibition and thus result in potentiation of EPPs during synapse maturation. We speculate that L-type VSCCs may play a role in self-limiting the amount of evoked transmitter release during the development and regeneration of NMJs. 
Specificity of L-type VSCC blockers
Cautious interpretation is warranted in identification of the subtypes of VSCCs at NMJs based solely on pharmacological characterization. For example, the specificity of nifedipine at concentrations over 10 M as an L-type VSCC antagonist is questionable (Hagiwara and Byerly, 1981) . We have found that nifedipine, even at 1 M, enhances EPP amplitude but has no effect on the mEPP amplitude at immature NMJs. Thus, the potentiation of EPPs by nifedipine is a presynaptic rather than postsynaptic effect. In addition, although nimodipine showed similar potentiation, isradipine was approximately tenfold more potent than nifedipine, consistent with the higher binding affinities of isradipine for L-type VSCCs (Yaney et al., 1991) . Furthermore, verapamil, a non-DHP antagonist, also showed an enhanced effect on EPPs. These results suggest that the potentiation is not an anomalous effect by nifedipine, but is attributable to a specific antagonistic effect of blocking L-type VSCCs.
The potentiation induced by L-type VSCC blocker requires Ca 2؉ transients
The specific effect of nifedipine was supported by the experiments using Ca 2ϩ buffers. We have shown that the fast buffer BAPTA-AM, but not the slow buffer EGTA-AM, prevents the potentiation of EPPs by nifedipine. The result suggests that the nifedipine effect requires a transient rise in intracellular Ca 2ϩ . Furthermore, the target of the Ca 2ϩ transient may be located close to the L-type VSCCs. The entry of Ca 2ϩ would reach a nearby target before Ca 2ϩ can be buffered by EGTA-AM. Because L-type VSCCs do not directly mediate transmitter release, they may be located some distance from the active zone where N-or P/Q-type VSCCs are clustered. This is consistent with the idea that Ca 2ϩ signaling may be controlled by multiple VSCC subtypes, which are distributed into distinct subcellular regions and generate localized changes in ion concentrations for different roles in synaptic functions (Miller, 1987) .
L-type VSCC and gK Ca at immature NMJs
To examine the mechanism of synaptic modulation by L-type VSCCs, we first tested the involvement of gK Ca at the regenerating frog NMJ. Fossier et al. (1993) have indicated that Ca 2ϩ flowing through L-type VSCCs modulates the duration of the presynaptic action potential by controlling the gK Ca current in Aplysia buccal ganglion. In addition, gK Ca are colocalized with N-type VSCCs that mediate transmitter release at the active zone of the normal frog NMJ (Robitaille and Charlton, 1992; Robitaille et al., 1993) . The present study showing the potentiation of EPP sizes by gK Ca also suggests that gK Ca are colocalized with N-type VSCCs at some regenerating frog NMJs.
If gK Ca are also colocalized with L-type VSCCs, blocking gK Ca should prevent the potentiation of EPPs by subsequent treatment with nifedipine; however, the present study showed additive potentiation by nifedipine after the enhancement of EPPs by gK Ca blocker treatment at regenerating frog NMJs. Furthermore, nifedipine increased EPP amplitudes even at some regenerating NMJs that did not show potentiation by gK Ca blockers. These results suggest that the potentiation by nifedipine does not require gK Ca , and thus it is likely not the only mechanism to explain the modulation of transmitter release by L-type VSCCs at immature NMJs.
L-type VSCCs and G-protein-mediated inhibition of transmitter release
To explain the potentiation of EPP amplitude by nifedipine, we also tested an alternative mechanism involving G-proteinmediated inhibition of transmitter release. Gray et al. (1990) reported that DHP-sensitive VSCCs mediate secretion of somatostatin, which inhibits acetylcholine release via a PTX-sensitive G-protein pathway at the nerve terminal of avian choroid neurons. Our results are consistent with this idea and a proposed model (Fig. 8) that Ca 2ϩ entry through L-type VSCCs may trigger the release of a neuromodulator that in turn results in a G-protein-mediated inhibition of transmitter release. The enhancement of EPPs by PTX suggests that a G-protein-mediated inhibition of acetylcholine release also operates in the regenerating frog motor nerve terminal. In addition, we have found no potentiation of transmitter release by nifedipine in muscles pretreated with PTX. This lack of additive potentiation by nifedipine supports the idea that L-type VSCCs are serially linked to G-protein-mediated inhibition (Fig. 8) ; however, we cannot exclude other interpretations on the lack of additive potentiation. For example, L-type VSCC modulation may involve a cascade of intracellular events that run parallel to G-protein-mediated inhibition. These two processes may converge downstream on a common step that influences evoked transmitter release. If this common step can be fully activated by either nifedipine or PTX alone, an additive effect would not be expected.
It is not known how L-type VSCCs might be coupled with PTX-sensitive G-proteins at immature NMJs. Entry of Ca 2ϩ through L-type VSCCs triggers the release of neuropeptides in various neural tissues. A neuropeptide, calcitonin gene-related peptide (CGRP), located in the large dense-core vesicles of the motor nerve terminal (Matteoli et al., 1988) , potentiates the postsynaptic response at developing NMJs in culture (Lu et al., 1993) . It is unknown, however, whether CGRP has any effect on evoked transmitter release at immature NMJs.
Purines are known to act as neural signaling substances in various systems and have receptors that are often coupled to G-proteins (Zimmermann, 1994) . Thus, purines may be involved in the L-type VSCC modulation. In the hippocampus, nifedipine and nimodipine enhance transmission at the CA1 pyramidal neuron synapse, probably through the suppression of the release of adenosine (O'Regan et al., 1991) . Exogenous ATP and adenosine inhibit acetylcholine release at mature NMJs (Ginsborg and Hirst, 1972; Ribeiro and Walker, 1975) . In contrast, ATP potentiates spontaneous transmitter release at developing NMJs in culture (Fu and Poo, 1991) , and this potentiation can be prevented by nifedipine (Fu and Huang, 1994) . In the normal frog muscle, L-type VSCCs are found at perisynaptic Schwann cells, which possess ATP and adenosine receptors (Robitaille, 1995; Robitaille et al., 1996) ; however, whether the release of ATP is related to L-type VSCCs at developing and regenerating NMJs in vivo remains to be investigated.
Developmental changes in VSCC subtypes
In contrast to the switching of VSCC subtypes mediating transmitter release that is seen in terminals of the chick choroid neuron during development (Gray et al., 1992) , we found that the immature NMJs use an additional subtype, L-type, to modulate evoked transmitter release. The observed potentiating effect of nifedipine decreases as developing and regenerating NMJs mature, with a time course (Fig. 3C ) reminiscent of synapse elimination (Redfern, 1970; Bennett and Pettigrew, 1974; Betz et al., 1979; Dennis et al., 1981) . It remains to be investigated whether these two phenomena are related.
Our results are consistent with previous studies that found no effects on evoked transmitter release by nifedipine at normal adult NMJs (Atchison, 1989; Pancrazio et al., 1989) ; however, these studies also showed that Bay K 8644, a DHP agonist, increased evoked transmitter release at normal adult NMJs. L-type VSCCs may exist at normal adult NMJs but play no role in transmitter release under physiological conditions (Miller, 1987) .
A possible role of L-type VSCCs in immature nerve terminals may be related to the paucity of transmitter available. During synaptogenesis, the immature synapse is more vulnerable to depression after repetitive stimulation, probably because the amount of transmitter is smaller than that found in mature synapses (Dennis et al., 1981) . The proposed involvement of L-type VSCCs in G-protein-mediated modulation of transmitter release may provide a self-limiting mechanism to conserve the amount of transmitter release at immature NMJs. Without this negative feedback modulation, the amount of transmitter might be depleted quickly from the immature motor nerve terminal, and the developing synapses might not function reliably. Whether the expression of L-type VSCCs plays a role in the stability and maturation of synaptic connections remains to be investigated.
